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APPENDIX A 
ENGINEERING IGNITION AND FLAMMABILITY 
DESIGN DATA FOR H2/02  
The thermodynamics of H2/02 ignition and combus tion requirements 
can be readily determined by considering some rudimentary chemistry and 
energy balances. It is well known that the reaction 
a H 2 t b 0 2  = c H 2 0 t d H 2  
is spontaneously unstable, if a sufficient "energy" addition can be intro- 
duced to the mixed gases. 
from early investigation ignition work with spark devices where the amount 
of Joulean heating as measured by Joulean dissipation in a spark plug was 
used as a measure of energy requirement. Subsequent thermodynamic 
reasoning somewhat tempers this concept. The thermal reaction mecha- 
nism is not totally understood; however, it is feasible that the reaction 
steps to sustain the reaction a r e  of the following types: 
Energy addition requirements a r e  a ca r ry  over 
OH + H2 = H20 t H 
H t O2 = OH t 0 
The second reaction above is endothermic by 17 kcal. 
temperatures to some threshold temperature a mixture of H2 and 0 2  is 
very stable. 
ficiently frequent to sustain the overall reaction, and continued deflagra- 
tion occurs. 
i s  not generally a pr ior i  predictable. 
deflagration levels to explosion. 
explosion limit is reached wherein steady-state reaction with no explosion 
can occur. 
A s  such, at ambient 
Above some temperatures the second reaction becomes suf- 
The exact point of this occurrence is pressure dependent and 
A t  reduced pressures  the initial 
As the pressure is increased, a second 
This is theoretically explained by inclusion of the reaction 
H t  O2 t M = H02 t M 
H02 becomes a chain breaking radical which is relatively unreactive and 
diffuses f rom the overall reaction to the reacter  walls. 
of reactive behavior are dependent upon the vessels and its wall coatings. 
Finally, the reaction 
Exact predictions 
wall 
Z H02 H2°2 O2 
i s  introduced to substantiate the no explosion reaction regions, although 
experimentally it is found to be entirely dependent upon vessel geometry. 
A-  I 
Because of the highly dissipative nature of the H2/02 gas mixture 
with respect to energy additon, it is perhaps more instructive from an 
engineering ignition device standpoint to examine the overall threshold 
temperatures at which auto-ignition can take place and sustain a reaction. 
Data are  limited f rom which such a curve can be established; however, 
available empirical data a r e  given in Figure A-I. 
ture is affected by diluent Hz?, 0 2  o r  a third body such as He o r  NzZ. The 
auto-ignition temperature is nominally given as 1100oF, but it is seen to 
be strongly influenced by off - s toichiometric mixture rations. 
addition of H2 o r  He (presumed to be s imilar  to N2) rapidly raises the 
autoignition temperature, whereas the addition of 0 2  markedly decreases 
the autoignition temperature. 
The threshold tempera- 
The 
Engineering flammability design limits for H2/02 mixtures nominally 
run from 4 to 96 percent (volume measure) for H2 in 0 2 .  
Bureau of Mines at the fuel r ich l imit  a r e  shown in Figure A-2 for several  
0 2  temperatures and H2 temperatures. 
region plot is given in Figure A-3 for the H2/02/He system. 
points represent all known available data. 
s t i r red mixtures of H2/02/diluents which are outside the limits. 
fuel r ich side there is little effect of temperature. Fo r  a reaction to 
sustain itself independent of any other mechanism, the local mixture com- 
positions must satisfy the cr i ter ia  shown graphically in Figure A-2 and 
A-3. 
ignite the mixture, it must  be at a total temperature level of at least the 
auto-ignition temperature given in Figure A- 1. 
Data from the 
A two-dimensional flammability 
Reactions will quench in well 
A t  the 
The data 
Further ,  in order for a thermal source such as a hot gas je t  to 
The theoretical temperatures versus MR for H2/02 and H2/02/He 
a r e  given in Figures A-4 to A-IO along with theoretical characterist ic 
velocity data. Mixture ratio is defined as 
weight of 0, t weight of diluent 
IcI - - 
MR = weight of H2 t weight of diluent 
A comparison of the results in Figures A-4 to A10 leads to the following 
conclusions : 
The T versus  MR at fuel rich mixture ratios is quite steep, 
pointing out a possible need for reasonably accurate MR 
control to prevent burnout of the igniter device. 
The effect of helium in oxygen is to replace an active 
species and thus reduce combustion temperature. 
The effect of helium in hydrogen is to replace H2 diluent 
which has a high heat capacity with helium which has a 
lower heat capacity. Therefore, the combustion tempera- 
ture increases slightly., 
A - 2  
4) The MR f o r  optimum performance is shifted toward higher 
mixture ratios -especially for mixtures produced from an 
oxidizer s t ream 25 wt percent He o r  more. 
The theoretical performance and combustion temperature charts also 
define a locus for  maximum G* and temperature. 
retical performance variation of less  than *5 percent can be achieved as 
up to 5 0  wt percent He is added to  the oxidizer s t ream. The optimum 
theoretical combustion temperature remains relatively constant also, 
although the mixture ratio goes through an order-of -magnitude change. 
Theoretical combustion temperatures as a function of mixture ratio a r e  
presented in Figures A-11 and A-12 for chamber pressures  of 10 and 100 
ps ia, r e  s pe ctively . 
It i s  noted that a theo- 
Flame speeds f o r  Hz/Oz mixtures near stoichiometry used in the 
igniter designs of this program a r e  given in Figures A-13 and A-14 for 
both turbulent and laminar flames. 
tems the throughput velocities must be greater than the flame speeds 
across the entire flow passage. 
be paid t o  the boundary flow where the velocity gradients may be such a s  
t o  support flame propagation. 
T o  prevent flashback in premix sys-  
This means that particular attention must 
There exists a finite ignition delay f o r  H2 /02  which is  brought about 
by finite reaction rate chemistry, and it i s  important to  recognize this 
because of the high heat capacity of H . The ignition delay chemistry can 
mixture to be ignited, particular attention must be given to the possibility 
of reaction quenching due to H2 heat absorbtion, i f  the total mix tempera- 
ture, in the absence of reaction i s  lower than the autoignition temperature. 
If the local mechanical mixing delay time i s  characterized by TM,  then 
be characterized by TD. If a hot to rc  i of H20 t H2 is  introduced into a 
T~ << T M for  ignition (Ab) 
The effects of pressure on ignition a r e  not well documented. 
tory data a r e  shown in Figure A-15. 
changes can affect these results; however, they can serve a s  a guide. 
Labora- 
It i s  well known that geometry 
A - 3  
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APPENDIX B 
CATALYTIC REACTOR THERMAL RESPONSE DATA 
Time- t e rnpe ra tu re  plots of all valid t h e r m a l  da ta  f r o m  the ca ta ly t ic  
r e a c t o r  t e s t s  a r e  included in  this  append?x. 
fo r  e a c h  t e s t  f i r ing  can be found in  Tables  14 and 15 cjf Section 4. 3 of 
Volume 1. 
Specif ic  operat ing conditions 
Thermocouple  locat ions for  each  length ca t a lys t  bed were  a s  shown 
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CALCULATION OF C* EFFICIENCY 
The index of i n j e c t o r  performance used i n  t h e  experimental program was 
the  corrected C* e f f i c i ency .  
dent methods, one based on measurement of chamber pressure and t h e  o the r  on 
measurement of t h r u s t .  
applied cor rec t ions  a re  given i n  t h e  following sec t ions .  
nomenclature format a re  e s s e n t i a l l y  those as developed i n  NASA sponsored 
programs at Rocketdyne. 
This parameter was ca lcu la ted  by 
Detai ls  of t h e  computational procedures and of t he  
"he procedures and 
1 eo CHAMBER PRESSURE TECHNIQUE 
Charac t e r i s t i c  ve loc i ty  e f f ic iency  based on chamber pressure i s  defined 
by the  following: 
I 
c- 1 
where 
= s tagnat ion  pressure at the  t h r o a t  
= e f f e c t i v e  thermodynamic th roa t  a r ea  
= conversion f a c t o r  (32.174 lbm-ft/ lbf-sec ) 
= 
= 
(pc) 0 
( A t ) e f f  
g C  
2 
t o t a l  p rope l lan t  weight flow rate 
t h e o r e t i c a l  c h a r a c t e r i s t i c  ve loc i ty  based on 
T Q 
('*)the0 s h i f t i n g  equi l ibr ium 
Values ca lcu la ted  from Equation (C-1) are r e f e r r e d  t o  as 9 1 ~ 0 ~ r e ~  
e f f i c i e n c i e s  because t h e  f a c t o r s  involved are obtained by appl ica t ion  of 
s u i t a b l e  inf luence  f a c t o r  correct ions t o  measured parameters. Stagnat ion 
pressure a t  the  t h r o a t  is  obtained from measured s t a t i c  pressure a t  start , 
i c  expansion, e f f e c t i v e  throat .  
c- 1 
gases t o  t h e  chamber wall  by hea t  t r a n s f e r  and f r i c t i o n .  
may therefore  be wr i t t en  as follows: 
Equation (C-1)  
where 
- 
PC 
measured s t a t i c  pressure a t  s t a r t  of nozzle 
convergence, p s i a  
measured geometric t h roa t  area,  i n  
conversion f a c t o r  (32. 74 lbm-ft/ lbf-sec ) 
2 
2 
oxid izer  weight flow rate, lb / sec  
f u e l  weight flow rate, lb / sec  
t h e o r e t i c a l  C* based on s h i f t i n g  equilibrium 
ca lcu la t ions ,  ft/sec . 
inf luence f a c t o r  cor rec t ing  observed s t a t i c  
pressure t o  th roa t  s tagnat ion pressure 
inf luence f a c t o r  correct ing f o r  change i n  th roa t  
radius  during f i r i n g  
influence f a c t o r  cor rec t ing  t h r o a t  area f o r  
e f f e c t i v e  discharge coef f ic ien t  
influence f a c t o r  correct ing measured chamber pres  - 
sure  f o r  f r i c t i o n a l  drag of combustion gases a t  
chamber wall 
inf luence f a c t o r  correct ing measured chamber pres- 
su re  f o r  heat  losses  from combustion gases t o  
chamber wall 
inf luence f a c t o r  correct ing C* values t o  account 
f o r  f i n i t e  chemical reac t ion  rates 
Methods of estimation of the  various correct ion f ac to r s  a re  described i n  
the  following paragraphs. 
1.1 PRESSURE INFLUENCE FACTOR (f ) 
P 
Measured s ta t ic  pressure a t  s t a r t  of nozzle convergence i s  converted 
t o  s tagnat ion pressure a t  the  t h r o a t  by assumption of e f f ec t ive ly  no 
c- 2 
combustion i n  the  nozzle and appl ica t ion  of t h e  i s en t rop ic  flow equations,  
with contract ion r a t i o  [Ac/At) and sh i f t ing-equi l ibr ium s p e c i f i c  hea t  
r a t i o s  ( y ) . 
fluence cor rec t ion  f a c t o r  about 1 / 2  percent  l a rge r .  
employed with sh i f t ing-equi l ibr ium i s  the more conservative.  
shows the  inf luence f a c t o r  as a function o f  contract ion r a t i o .  
Frozen-equilibrium s p e c i f i c  hea t  r a t i o s  usual ly  make t h e  in-  
Hence the value 
Figure C - 1  
PRESSURE RATIO 
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f 
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1 . 2  THROAT RADIUS INFLUENCE FACTOR (fTR) 
Temperature grad ien ts  produced i n  t h e  s o l i d  metal nozzle wall  r e s u l t  
i n  thermal stresses which affect  th roa t  radius ,  with the  r e s u l t  t h a t  t he  
geometric t h r o a t  diameter ambient measurement i s  not  t he  same as t h a t  which 
e x i s t s  during f i r i n g  e 
In  t h e  chamber type employed during the  experimental e f f o r t  ( i . e .  t h i n  
t h r o a t  wall thickness) ,  t h e  t h r o a t  a r ea  change is  computed from the  thermal 
growth of t h e  th roa t  based on temperature changes from ambient temperature. 
The change i n  t h r o a t  area can be wr i t t en  as: 
c- 3 
2 
Ath = (2 +WIT) (&T) D 
where 
S A *  = change i n  t h r o a t  area due t o  thermal growth 
a! = average thermal expansion coe f f i c i en t  
AT = temperature r ise  from ambient conditions 
D = t h roa t  diameter a t  ambient conditions 
The th roa t  area cor rec t ion  f ac to r  i s  as follows: 
&th fTR = 1 + - 
*th 
2 = [l +QAT] 
-6 The thermal expansion coe f f i c i en t  f o r  copper i s  (Y = 9 . 8  x 10 
in/in-"F, ass-ming an ambient temperature of 70°F, the  th roa t  area correc- 
t i on  f a c t o r  becomes 
cu 
f~~ = [l + 9.8  x (Tth - 70)12 (C-5) 
This equation was used t o  generate  the  curve i n  Figure C - 2 .  
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Figure C - 2 .  Throat Area Correction Factor  
c- 4 
1.3 THROAT DISCHARGE COEFFICIENT INFLUENCE FACTOR (fDIs) 
The discharge coef f ic ien t  is defined as t h e  r a t i o  of ac tua l  f l o w  r a t e  
through the th roa t  t o  the theo re t i ca l  maximum, based on geometric t h roa t  
a r ea  and idea l ,  uniform, one-dimensional flow with no boundary layer .  The 
discharge inf luence coe f f i c i en t  may be estimated i n  two ways: 
on ca lcu la t ions  made from a t h e o r e t i c a l ,  i nv i sc id  flow model of  combustion 
products,  and the  o the r  based on a co r re l a t ion  of r e s u l t s  obtained i n  
various experimental study r e s u l t s  of  a i r  flow through nozzles of  similar 
geometry . 
1.3.1 Theoret ical  Model 
one based 
Total  mass flow rate i s  given by 
h =  p P V d A  
0 
where : 
P = gas densi ty  
V = gas ve loc i ty  
A = cross-.sectional a r ea  
Theoret ical  maximum flow ra te  at t he  th roa t  i s  
p*  V* dA - m - max 
0 
where : 
At = geometric a rea  of  t he  th roa t  
P* = sonic  gas densi ty  
V* = sonic gas ve loc i ty  
, 
For i d e a l s  uniform, p a r a l l e l  flow Equation (C-7) becomes 
in = P *  V* At max 
c- 5 
The discharge coe f f i c i en t  i s  then 
A 
c D - - -  - 
m max 
0 
1.3.2 Empirical Value 
Experimental conical  nozzle discharge coe f f i c i en t s  obtained w i t h  a i r  
by various inves t iga to r s  are p l o t t e d  i n  Figure C-3 against  t he  ind ica ted  
geometric parameter. Data sources a l s o  are l i s t e d  i n  Figure C - 3 .  
The values obtained by both methods are found t o  be i n  exce l len t  
agreement. 
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1.4 FRICTIONAL DRAG INFLUENCE FACTOR (fFR) 
Calculat ions of C* based on chamber pressure are concerned with cham- 
b e r  phenomena up t o  the  nozzle th roa t .  
enough t o  be  considered neg l ig ib l e ,  s o  t h a t  t he  f a c t o r  f may be taken t o  
be uni ty .  
Drag forces  t o  t h i s  point  are small  
FR 
C - 6  
1.5 ENERGY LOSS INFLUENCE FACTOR (fklL) 
Chamber pressure and th rus t  a r e  decreased by heat  t r a n s f e r  from the 
combustion gases t o  the  walls of a th rus t  chamber. 
subs t an t i a l ly  reduced i n  ab la t ive  chambers and i s  e f f ec t ive ly  recovered i n  
a regenerat ively cooled chamber. 
This enthalpy lo s s  i s  
The e f f e c t  on C* of enthalpy lo s s  by hea t  t r a n s f e r  can be estimated 
from a loss  of  chamber enthalpy. This i s  determined from a two s t a t i o n  
energy balance,  one a t  the start of  nozzle convergence and the other a t  the 
throat.  
1 /2  Vc 2 + Hc = 1/2 Vt 2 * Ht + Qconv 
where : 
Vc = gas ve loc i ty  a t  chamber e x i t  
Vt = gas ve loc i ty  a t  nozzle th roa t  
Hc = gas enthalpy a t  chamber e x i t  
= gas enthalpy a t  nozzle t h r o a t  
hea t  l o s s  i n  nozzle convergence 
Ht 
QconS 
Velocity a t  t h e  t h r o a t  i s  given by: 
11 ll2 Qconv 
2 
Vt = [Vc + 2(Hc - Ht - 
With neg l ig ib l e  nozzle i n l e t  ve loc i ty  
(C-10)  
(C- 11) 
(C- 1 2 )  
Logarithmic d i f f e r e n t i a t i o n  of Equation (D-12) gives 
d (Hc - Ht - Qconv) d Hc - dHt 
1 /2 '  = 1 / 2  (C-13) dVt 
vt 
- =  
(Hc .=, Ht - QconJ  Hc - Ht . Qconv 
Subs t i t u t ion  of  enthalpy d e f i n i t i o n  i n t o  Equation (C-13)gives : 
dVt 
Vt 
- = 1 / 2  (C- 14) 
c- 7 
With constant  C between the  two s t a t i o n s ,  
P 
dTt dVt 
"t dTC 
1- -- =  
I f  t he  s p e c i f i c  hea t  r a t i o ,  Y is assumed constant ,  
6 
dTt Tt 
dTC 
- = -  
C 
T 
(C-15) 
(C-16) 
Subs t i tu t ing  Equation (C-16) i n t o  Equation (C-15) , replacing d i f f e r e n t i a l s  
by incrementals,  and not ing t h a t  C* i s  proport ional  t o  gas ve loc i ty  a t  t h e  
t h r o a t  gives : 
c ATc - = - -  - 1/2 )(1 -7) (C-17) AVt AC* 
"t Hc Ht - Qconv 
C* 
Total  hea t  loss  t o  the chamber walls,  i n  Btu p e r  pound of propel lan t ,  is  
obtained by summation of observed hea t  f luxes over t h e  appropriate  a reas :  
where : 
q/A = experimentally observed hea t  f lux  
A = area appl icable  t o  each q/A value 
\j = t o t a l  p rope l lan t  flow ra te  T 
I f  t h i s  heat  loss  i s  equated t o  the  change i n  enthalpy of the  gas i n  the 
combustion chamber, c ATc9 then s u b s t i t u t i o n  i n  Equation (C-17) gives:  
P 
e appl icable  inf luence f a c t o r  i s :  
(C-18) 
(C-19) 
(C-20) 
1 I- 1 / 2  fl,L - 1 I- C* 
c- 8 
An a l t e r n a t e  expression can be obtained from the bas i c  C* de f in i t i on :  
* c =  (C-21) 
Logarithmic d i f f e r e n t i a t i o n  of  t h i s  y i e lds  : 
(C- 22) 
Subs t i t u t ing  incrementals from d i f f e r e n t i a l s  i n  Equation (C-22) gives:  
AC* 1 ATC 
Tc 
- = - -  
C* 
(C- 23) 
Equating ATc with the  hea t  loss  from Equation (C-18) r e s u l t s  i n  the  f o l -  
lowing: 
The appl icable  inf luence f ac to r  i s :  
[A] 
P C  
(C- 24) 
(C- 25) 
where 
c = s p e c i f i c  hea t  a t  constant pressure 
P 
Although derived independently i t  can be shown t h a t  these  two expres- 
s ions ,  Equations (C-20) and (C-25), a r e  near ly  equivalent .  
1.6 INFLUENCE FACTOR FOR CHEMICAL KINETICS (fKE) 
The effect  of f i n i t e  chemical reac t ion  r a t e s  i s  t o  produce a C* less 
than the  corresponding theo re t i ca l  equilibrium values.  A TRW Systems Group 
developed one-dimension nonequilibrium reac t ing  gas computer program was 
employed with reac t ion  r a t e  constants se lec ted  f o r  t he  propel lant  system. 
The f l u i d  mechanical and chemical equations were in tegra ted  from the i n l e t  
s ec t ion  by an impl i c i t  technique, 
nonequilibrium chemistry produced a C* loss of  1 . 2  compared t o  the  shif-  
t i n g  equi l ibr ium limits. 
I t  was determined t h a t  the  e f f e c t  of 
c-9 
2.  CALCULATIONS 
The a l t e r n a t e  determination of C* e f f ic iency  is based on t h r u s t :  
- Fvac gc 
‘IC” - 
(‘F’vac ‘T ‘*the0 
where : 
( C - 2 6 )  
= me.asured t h r u s t  corrected t o  vacuum conditions 
by the  equation: Fvac = F + PaAe Fvac 
F = measured t h r u s t ,  Ibf 
= ambient pressure,  p s i a  
= area of nozzle e x i t ,  i n  
= conversion f a c t o r  (32.174 lbm-ft/ lbf-sec ) 
= t heo re t i ca l  s h i f t i n g  t h r u s t  coe f f i c i en t  (vacuum) 
= 
= 
’a 
Ae 
gC 
2 
2 
(‘F’vac 
G 
‘*the0 
t o t a l  p rope l lan t  flow rate,  lbm/sec 
t h e o r e t i c a l  sh i f t ing-equi  l ibrium charac te r i s  t i c  
ve loc i ty ,  ft/sec 
T 
Values of vacuum t h r u s t  are obtained by applying correct ions t o  sea- leve l  
measurements. With these  values which include allowances f o r  a l l  impor- 
t a n t  departures from i d e a l i t y ,  t heo re t i ca l  t h r u s t  coe f f i c i en t s  may be used 
f o r  ca lcu la t ion  of  C*. C e f f ic iency  is  taken as 100 percent i f  t he re  i s  
no combustion i n  t h e  nozzle, i f  chemical equilibrium i s  maintained i n  the  
nozzle expansion process,  and i f  energy losses  from t h e  combustion gases 
are accounted for. 
F 
Applicable inf luence f ac to r s  €or measured t h r u s t  are spec i f i ed  i n  the  
following equation: 
where : 
F 
‘a 
Ae 
gC 
= measured t h r u s t ,  
- i en t  pressureo p i a  
= area of nozzle e x i t ,  i n  
= conversion f a c t o r  (32.174 lbm-ft/ lbf-sec ) 
2 
2 
c-10 
( C - 2 7 )  
= t heo re t i ca l  s h i f t i n g  th rus t  coe f f i c i en t  
(vacuum) ('F) the0 
c = oxid izer  weight f low rate, lbm/sec 
G 
('*I theo 
'FR 
0 
= fue l  weight flow rate, lbm/sec 
= 
f 
theore t i c a l  s h i f t i n g  equi 1 ibrium c h a r a c t e r i s t i c  
ve loc i ty ,  f t / s e c  
= influence f o r  f r i c t i o n a l  losses  
= 
= inf luence f ac to r  f o r  hea t  losses  t o  chamber and 
nozzle wal ls  
= inf luence f ac to r  correct ing C* and CF values t o  
account f o r  f i n i t e  chemical reac t ion  r a t e s  
influence f a c t o r  f o r  nozzle divergence 'DIV 
@ H L  
@ KE 
The inf luence f ac to r s  i n  Equation CC-27) a r e  applied t o  vacuum t h r u s t  
( F  + P A ) ins tead  of  t o  measured s i t e  t h rus t  (F) because, f o r  convenience, 
the f ac to r s  are readi ly  ca lcu la ted  as changes i n  e f f ic iency  based on theo- 
r e t i c a l  vacuum parameters. The t o t a l  influence f a c t o r  is then of t he  form 
a e  
Impl ic i t  i n  the use of t heo re t i ca l  CF values a re  correct ions t o  geo- 
metr ic  t h roa t  area and t o  measured s t a t i c  chamber pressure a t  s t a r t  o f  
nozzle convergence. Therefore, ca lcu la t ion  of corrected C* e f f i c i ency  
from t h r u s t  measurement includes a l l  the previously described correct ions 
plus  an addi t iona l  one t o  account f o r  nonparal le l  nozzle e x i t  flow. How- 
ever ,  because (CF)theo is e s s e n t i a l l y  independent of small changes t o  
chamber pressure and contract ion r a t i o  which a r e  involved i n  correct ions 
t o  P and At, these correct ions are of no p r a c t i c a l  s ign i f icance  i n  ca l -  
cu la t ion  of C* from t h r u s t  measurements. 
C 
2 . 1  INFLUENCE FACTOR FOR FRICTIONAL DRAG (QFR) 
This f a c t o r  cor rec ts  f o r  energy losses  caused by viscous drag forces  
Its magnitude i s  estimated by a boundary on the  t h r u s t  chamber walls. 
layer  ana lys i s  u t i l i z i n g  the  i n t e g r a l  momentum equation f o r  tu rbulen t  flow, 
which accounts f o r  boundary layer  e f f e c t s  from the  i n j e c t o r  t o  the nozzle 
e x i t  by s u i t a b l e  descr ip t ion  of t h e  boundary l aye r  p r o f i l e  and loca l  sk in  
f r i c t i o n  coef f ic ien t .  A computer program is used t o  carry out a numerical 
c - l l  
in tegra t ion  of  the  equation, including e f f e c t s  of pressure grad ien t ,  hea t  
t r ans fe r ,  and surface roughness. The program requi res  a po ten t i a l  nozzle 
flow so lu t ion  obtained from variable-property,  axisymmetric method of 
cha rac t e r i s t i c s  ca lcu la t ion  of  t h e  flow f i e l d  outs ide  the  boundary layer ;  
corresponding proper t ies  f o r  t he  subsonic combustion chamber flow f i e l d  
are a l so  calculated.  
2 .2  INFLUENCE FACTOR FOR NOZZLE DIVERGENCE ( PDIv) 
The one-dimensional t heo re t i ca l  performance ca lcu la t ions  assume t h a t  
flow a t  the  nozzle e x i t  i s  uniform and p a r a l l e l  t o  t he  nozzle ax i s .  
influence f ac to r ,  8 
flow) and f o r  nonuniformity across  t h e  nozzle e x i t  plane.  I t  i s  ca l cu la t ed  
by a computer program which u t i l i z e s  the  axisymmetric method ofscharacter-  
i s t i c s  €or  a var iable-property gas. Computation begins with a t ransonic  
input near Mach 1, providing a c h a r a c t e r i s t i c  l i n e  f o r  use i n  the  ana lys i s  
of t he  supersonic por t ion  of t he  nozzle. 
t egra ted  over the  given geometry t o  give the  geometric e f f ic iency .  
The 
allows f o r  nozzle divergence ( i . e .  I f o r  nonaxial D I  V' 
The r e s u l t i n g  pressures  a re  in -  
2 . 3  INFLUENCE FACTOR FOR HEAT LOSS (qHL) 
To obta in  t h e  hea t  loss  inf luence f a c t o r  from measured t h r u s t  the  
qy roach  i s  i d e n t i c a l  t o  t h a t  taken previously from the  pressure measure- 
ment, except t h a t  t h e  nozzle losses  must a l s o  be included. With constant 
s p e c i f i c  hea t  and gamma from s tar t  of  nozzle convergence t o  e x i t ,  Equation 
(C-20) becomes 
(C-28) 
when "e" corresponds t o  the  e x i t  condition, and the  summation occurs over 
$he e n t i r e  combustion. 
An a l t e r n a t e  can also be der ive  as i n  Equation (C-25). 
b e comes 
This equation 
1 = l a -  
@ HL 2 (C-29) 
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2.4  INFLUENCE FACTOR FOR CHEMICAL KINETICS (gKE) 
The e f f e c t  o f  f i n i t e  chemical reac t ion  rates i s  t o  produce a C* and 
C F  less than the  corresponding theo re t i ca l  equilibrium values.  
Systems Group developed one-dimensional nonequilibrium reac t ing  gas compu- 
t e r  program was employed with r eac t ion  r a t e  constants  se lec ted  f o r  t h e  
hydrogen-oxygen propel lan t  system. 
equations were in tegra ted  from the  i n l e t  sec t ion  by an impl i c i t  technique. 
A TRW 
The f l u i d  mechanical and chemical 
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APPENDIX D 
COMPUTER PROGRAMS 
The following computer programs were used t o  fac i l i t a te  performance 
and heat t r a n s f e r  ana lys i s  during var ious phases of t h i s  program. 
1.0 ROCKET CHEMISTRY PROGRAM 
The general ized equi l ibr ium chemistry program so lves  a wide range of  
thermodynamic problem requi r ing  only e composition and two of  t h e  f o l -  
lowing system proper t ies  t o  be s p e c i f i  : pressure,  volume, temperature, 
enthalpy, entropy o r  i n t e r n a l  energy. The program ca lcu la t e s  composition, 
e i t h e r  from a p a i r  of compounds with a s p e c i f i e d  weight mixture r a t i o ,  o r  
from a series of  compounds and t h e i r  r e spec t ive  weight percents .  I n  addi- 
t i o n  t o  t h e  usual pure condensed phases, it is poss ib l e  t o  submit a series 
of i d e a l  chemical so lu t ions  composed of s e l e c t e d  combinations of t h e  con- 
densed phases; t h e  program w i l l  determine whether o r  not  these  so lu t ions  
are formed by t h e  reac t ion .  The poss ib l e  r eac t ion  products are obtained 
by searching a prepared master inventory tgpe containing entropy and en- 
thalpy curve f i t  c o e f f i c i e n t s  f o r  a l l  elements and compounds of i n t e r e s t .  
Nongaseous phases and ionized spec ies  are t r e a t e d  as d i s t i n c t  and sepa ra t e  
compounds. The program i n i t i a l l y  assumes an i d e a l  a l l -gas  system. The 
equilibrium gas pressures  of a l l  poss ib l e  gaseous spec ies  are ca lcu la ted .  
Using these  p a r t i a l  pressures  as i n i t i a l  estimates, nongaseous phases and 
so lu t ions  are then considered. Upon convergence of  t h e  ca lcu la t ions ,  t h e  
program e l imina tes  a l l  bu t  t h e  a c t u a l  gases,  condensed phases, and i d e a l  
so lu t ions  present  at  equilibrium. Rocket performance i s  computed f o r  i sen-  
t r o p i c  son ic  flow through a t h r o a t  by spec i fy ing  e x i t  pressures ,  temper- 
a tu re s ,  o r  a r ea  r a t i o s .  Chemical reac t ions  only,  o r  chemical r eac t ions  and 
phase changes, may be stopped a t  any po in t  i n  t h e  expansion. 
o r  frozen co o s i t i o n ,  thermodynamic arameters, and t h e  usual rocke t  para- 
meters are given i n  t h e  program output.  
Equilibrium 
D- 1 
2.0 ONE-DIMENSIONAL, ONE-PHASE EXACT KINETIC COMPUTER PROGRAM 
TRW Systems had developed under cont rac t  t o  t h e  National Aeronautics 
and Space Administration Manned Spacecraft  Center (Contract NAS 9-4358), 
a One-Dimensional, One-Phase ( l D g  1P) Reacting Gas Nonequilibrium Perfor- 
mance Program. 
equilibrium, frozen and nonequilibrium nozzle expansion of  propel lant  ex- 
haust  mixtures containing the  s i x  elements: carbon, hydrogen, oxygen, n i t r o -  
gen, f l uo r ine  and chlor ine.  
The computer program ca lcu la t e s  t h e  inv i sc id  one-dimensional 
The computer program considers a l l  s ign i f i can t  gaseous species  (19) 
present  i n  the  exhaust mixtures of propel lan ts  containing these elements 
and a l l  gas phase chemical reac t ions  (48) which can occur between the  ex- 
haust products.  
minimum, t h e  program u t i l i z e s  a second-order imp l i c i t  i n t eg ra t ion  method. 
This i n t eg ra t ion  method has reduced t h e  computation time, per  case, seve ra l  
orders of magnitude compared t o  t h e  computation time required when u t i l i z i n g  
s tandard e x p l i c i t  i n t eg ra t ion  methods such as four th  order  Runge-Kutta o r  
Adams-Moulton methods. 
I n  order  t o  reduce the computation times pe r  case t o  a 
The th roa t  s i z e  is  determined f o r  each combination of propel lant  system 
and mixture r a t i o  through use o f  t h e  given chamber pressure,  t h r u s t  l e v e l ,  
and the  value of t h e  one-dimensional t h r u s t  coe f f i c i en t ,  CF, computed by t h e  
Rocket Chemistry Program. 
is  employed i n  t h e  Kinetics Program and forms a por t ion  of t h e  input  d a t a  t o  
-B/T The reverse  r eac t ion  ra te  constant,  kr = AT'"e 
t he  computer program. I t  is  usua l ly  input  i n  chemist 's u n i t s ;  i . e . ,  cm 3 , gm, 
O K ,  sec., and is converted i n t e r n a l l y  i n t o  u n i t s  consis t ing of f t  3 , l b ,  O R ,  
sec. 
3.0  ONE-DIMENSIONAL, TWO-PHASE EXACT KINETIC COMPUTER PROGRAM 
TRW Systems has  a l s o  developed, under cont rac t  t o  the  National Aero- 
naut ics  and Space Administration Manned Spacecraft  Center (Contract NAS 
9-4358) a a One-Dimensional, Two-Phase (ID, 2P) Reacting Gas Nonequilibrium 
Performance Program. This program ca lcu la t e s  t h e  inv i sc id  one-dimensional 
equilibrium, frozen and nonequilibrium nozzle expansion of propel lant  exhaust 
mixtures containing t h e  s i x  elements: carbon, hydrogen, oxygen, hi t rogen,  
f l uo r ine  and chlor ine;  and one metal element, e i t h e r  aluminum, beryllium, 
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boron or l i thium. 
two phases but interphase mass t r a n s f e r  is not  considered. 
Energy and momentum t r a n s f e r  is considered between t h e  
I n  a l l  79 species related by 763 reac t ions  are handled w i t h  a m a x i -  
mum of 46 species  and 380 reac t ions  f o r  t he  boron metal element. In  addi- 
t ion ,  provision is made f o r  e ight  condensed species  with a maximum of f o u r  
condensed species  a t  any time. 
a l loca ted  t o  one (or  more) s ize  group. 
Furthermore, t h e  condensed phase can be 
A l l  t h e  species  and reac t ions  of importance t o  t h e  proposed program 
can be accommodated by t h e  TRW Systems developed One-Phase and/or Two-Phase 
Kinetics Programs e 
4.0 VISCOUS EFFECTS COMPUTER PROGRAM. 
The method of Bartz f o r  computing boundary-layer thicknesses,  skin- 
f r i c t i o n ,  and heat f l u x  i n  axisymmetric nozzles has been revised and pro- 
grammed f o r  d i g i t a l  computer so lu t ion .  The method solves ,  simultaneously, 
t he  i n t e g r a l  momentum and energy equations f o r  t h i n  axisymmetric boundary 
layers .  
power p r o f i l e s  of ve loc i ty  and s tagnat ion  temperature; and sk in - f r i c t ion  
coe f f i c i en t  and Stanton number are evaluated as functions of boundary-layer 
thickness from t h e  bes t  ava i lab le  semiempirical r e l a t ions .  
Boundary-layer shape parameters a r e  approximated from one-seventh 
This program e i t h e r  employs a given wall Mach number d i s t r i b u t i o n  as 
generated by, f o r  example, t h e  Two-Dimensional Kinetics Computer Program, 
o r  can generate i n t e r n a l l y  a one-dimensional Mach number d i s t r i b u t i o n  as 
a function of loca l  area r a t i o  and (constant)  y, t h e  r a t i o  of s p e c i f i c  heats .  
In addi t ion,  the  program requi res  a w a l l  temperature, Tw, d i s t r ibu t ion .  
This d i s t r i b u t i o n  can be produced, by an i t e r a t i v e  procedure, from a thermal 
analysis  of t h e  nozzle. 
of such data .  
A constant wall temperature may be assumed i n  l i e u  
The program computes the  loca l  parameters: convective hea t  t r a n s f e r  
coe f f i c i en t  (h ) $  heat  f l u x  ( q / A ) 9  where A is t h e  nozzle sur face  area, skin-  
f r i c t i o n  coe f f i c i en t  (Cf), boundary-layer thickness  (6), displacement th ick-  
ness (6") and momentum thickness (@) * 
found ,from numerical i n t e rg ra t ion  of i / A  versus A. 
B 
The t o t a l  hea t  r e j ec t ion  load, ;, i s  
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5.0 BASIC ONE-DI SIOMAL E A T  T ER PROG 
This program, des i  * s  IBM 7070, computes t h e  change 
i n  temperature of each of  a number ts (ca l l ed  nodes) i n  a s l a b  of 
mater ia l ,  a t  spec i f i ed  i n t e r v a l s  of time, during which the s l a b  is  t o  be 
heated and/or cooled. The hea t in  cooling is accomplished by convec- 
t i o n  and rad ia t ion ,  at t h e  s l a b  b s. The program is general  enough 
s o  t h a t  it can handle heat  t r a n s  
sec t ions ,  regard less  of s i z e ,  thickness ,  and mater ia l  l aye r  composition. 
Most commonly, t he  program is used t o  s imulate  rocket engine f i r i n g  duty 
cycles.  
0 th  f l a t  p l a t e  and c y l i n d r i c a l  
Preparation of t h e  input f o r  t h i s  prog am requi res  the  following: 
1) 
2) 
3) 
4) Thermal conduct ivi t  d d i f f u s i v i t i e s  of t h e  
5 )  Thicknesses o t h e  mater ia l  l aye r s  
Convective heat  t r a n s f e r  coe f f i c i en t s  on t h e  in s ide  , 
and outs ide  sur faces  
Ins ide  and outs ide  ad iaba t i c  wall temperatures 
I n i t i a l  temperatures of t h e  node poin ts  
mater ia l s  i n  t h e  s l  
The output cons i s t s  of temperature p r o f i l e s  i n  t h e  s l a b  a t  spec i f i ed  
time in t e rva l s .  
6.0 THREE-DIMENSIONAL BROG 
This i s  a high-speed d i g i t a l  f o r  t r a n s i e n t  problems involving 
a l l  nodes o r  combinations of n r ans fe r  ( i . e e ,  convection, con- 
duction, and rad ia t ion)  e used for  any thermal problem 
whose f i n i t e  d i  f fesence s t o  t h e  d i f f e r e n t i a l  equation 
f o r  a ed RC e l e c t r i c  n, therefore ,  be v isua l ized  as an 
e l e c t r i c a l  c i r c u i t .  
The number of connectin ode is  a r b i t r a r y .  This 
capacitances with approx- 
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Four valuable f ea tu res  a r e  incorporated i n t o  th i s  program: 
1) Variable thermal proper t ies  a r e  simulated when a t a b l e  
showing values of e a c h p  
entered i n  t he  input .  
This program can hold any node a t  a constant temperature 
f o r  a per iod of time simulate phase t r a n s i t i o n .  
Erosion r a t e  schedule i s  en tered  i n  t h e  input  i n  the  form 
of a t a b l e .  
A cathode follower is use f o r  t he  purpose of  t r a n s f e r r i n g  
a temperature from one node in the  network t o  another with 
zero t r a n s f e r  of energy. 
p e r t y  versus temperature is 
2) 
3) 
4) 
7.0 GAS PROPERTIES I?OMPUTER PROG 
Th i s  program is used t o  rap id ly  determine t h e  following: 
1) 
2) 
Nozzle t h r u s t  coe f f i c i en t  as a funct ion of pressure r a t i o  
Nozzle area r a t i o  a s  a funct ion of pressure  r a t i o  
3) Nozzle a rea  r a t i o  as a func t ion  of Mach number 
4) 
5 )  
Ratio of l oca l  t o  c r i t i c a l  temperature as a funct ion 
of Mach number 
Ratio of i s en t rop ic  temperature drop t o  i n l e t  temperature 
as  a function of pressure r a t i o  
The range of  values covered f o r  each of t h e  b a s i c  parameters is: 
Mach number: 1 - 10 
Pressure rat i o  : -5 - 10 
Ratio of s p e c i f i c  heats :  
4 
1-1 - 1.67 
The e f f e c t  of t h e  r a t i o  of s p e c i f i c  ts is included i n  a l l  t h e  p l o t s .  
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